Urinary histoplasma antigen measurement can be useful for diagnosing systemic histoplasmosis and for monitoring treatment response, especially in immunocompromised patients. However, testing has traditionally been limited to specialized reference laboratories, as immunoassay reagents for the antigen were not widely available. Recently, a polyclonal-antibody-based in vitro diagnostic (IVD) kit for histoplasma antigen detection was released, as well as monoclonal-antibody reagents against the target. We evaluated the analytical and clinical performance of the two reagents. Both assays were capable of detecting histoplasma antigen in urine samples over a wide dynamic range, although the monoclonal assay showed improved precision and analytical sensitivity relative to the polyclonal IVD. In a test set of clinically characterized patient samples, the monoclonal laboratory-developed test (LDT) demonstrated 90.5% sensitivity and 96.3% specificity versus 61.9% sensitivity and 79.3% specificity for the polyclonal IVD, with areas under the curve (AUCs) of 0.987 and 0.754, respectively. The major differences between the two assays were higher background reactivity in healthy donors with the polyclonal assay and an increased signal response in positive samples for the monoclonal assay. The impact of these differences on monitoring treatment response was evaluated in a series of patients undergoing treatment for histoplasmosis. While all the assays gave similar qualitative estimates of treatment response, responses were more evident using the monoclonal assay. In summary, we conclude that while multiple assays are available for measuring histoplasma antigen in urine, a monoclonal-antibody-based assay appears to provide improved analytical performance for management of immunocompromised histoplasmosis patients.
H
istoplasmosis is the most common endemic mycosis found in immunocompromised patients (1) . The disease is caused by Histoplasma capsulatum, a dimorphic soil fungus. The fungus can be found worldwide, but it is most common in North and Central America and is endemic in the Mississippi and Ohio River valleys. While immunocompetent subjects can usually contain the infection via cell-mediated immunity, immunocompromised patients are at higher risk to develop serious disease (2) . In addition to direct exposure, immunocompromised patients can also acquire histoplasmosis by reactivation of a latent infection or from a donor organ following transplantation (3) . Pneumonia is often the initial manifestation of infection in immunosuppressed patients, but once infected, disseminated infection can occur in more than 50% of patients with conditions such as organ transplantation and AIDS (3) (4) (5) (6) . Clinical symptoms are usually nonspecific, such as fever, nonproductive cough, and malaise. If the diagnosis can be made early, many patients have a good response to standard antifungal treatment (6) . The nonspecific nature of the presenting symptoms coupled with an uncertain exposure history can create diagnostic challenges in immunocompromised patients.
Laboratory methods for the diagnosis of histoplasmosis include fungal culture, serologic testing for antibodies, and antigen detection. The clinical utility of fungal culture in making a diagnosis of histoplasmosis is limited by long incubation times required to see growth (2 to 4 weeks) and a relative lack of sensitivity (7) . Serologic testing can be used to document exposure but is less useful for differentiating acute from prior infection and can be unreliable in the immunocompromised-patient populations, who are at the highest risk of disease. For these reasons, detection of histoplasma antigen in the urine has been proposed as a useful method for both diagnosis and monitoring therapeutic response, especially in immunocompromised patients (3) .
One of the earliest immunoassays for the detection of urine histoplasma antigen used polyclonal antibodies against histoplasma galactomannan for both capture and detection (8, 9) , and early publications showed the utility of this assay for the diagnosis and management of patients with disseminated histoplasmosis. The clinical sensitivity (Sn) and specificity (Sp) of the assay have been well characterized in a variety of populations (10) (11) (12) (13) , and several generations of laboratory-developed tests (LDTs) based on the approach have been offered by one of the largest histoplasma reference laboratories in the United States (MiraVista Diagnostics, Indianapolis, IN). Because the reagents used in the assay are not commercially available, alternative assays have been evaluated by other investigators with varying success. An LDT assay using a similar format but based on a commercially available polyclonal anti-Histoplasma antibody showed reasonable analytical performance but had limited clinical validation data (14) . A similar enzyme immunoassay (EIA) developed by the Centers for Disease Control and Prevention using an in-house-produced polyclonal antibody demonstrated 85% sensitivity in AIDS patients (15) .
However, the assay is not available commercially. Finally, an inhibition enzyme-linked immunosorbent assay (ELISA) based on a murine monoclonal antibody demonstrated sensitivity similar to that of the polyclonal assay for detecting antigen in serum but was less sensitive for urinary antigen detection (16, 17) . However, these monoclonal reagents were also never commercially released. This lack of readily available reagents has limited the widespread implementation of urinary histoplasma antigen testing.
Recently, the first in vitro diagnostic (IVD) assay for histoplasma antigen (Alpha Histoplasma Antigen EIA; IMMY, Norman, OK) was approved by the FDA. The assay is based on the same polyclonal reagents previously described (14, (18) (19) (20) but has been developed into a standardized analytical kit format. In addition to the IVD assay, analyte-specific reagents (ASRs) for purified Histoplasma galactomannan and monoclonal antibodies against it have recently become available. We used these reagents to develop an LDT assay based on the monoclonal reagents and compared the analytical performance of the monoclonal assay to that of the polyclonal IVD for the detection of histoplasma antigen in urine samples from immunocompromised patients.
MATERIALS AND METHODS
Subjects and samples. Random urine samples were collected from 70 healthy volunteers between 18 and 65 years old who had normal urinalysis results. Fifty to 100 ml of urine was collected from each donor in a 150-ml polypropylene container. An additional 57 patient controls were obtained using residual material from clinical samples sent for routine testing (for tests other than urine histoplasma antigen). Finally, a clinical test set was developed using residual material from 103 samples submitted for urine histoplasma antigen testing between September 2010 and March 2013. All samples were stored at Ϫ80°C until the time of analysis. The use of human specimens and the study protocol for collecting normal urine were approved by the Institutional Review Board at the Cleveland Clinic.
Measurement of urine histoplasma antigen using IVD polyclonal EIA. The FDA-cleared IVD assay kit (Alpha Histoplasma Antigen EIA) was obtained from Immuno Mycologics, Inc. (Norman, OK). The assay utilizes a rabbit polyclonal antibody for both capture and detection and is labeled for use on urine specimens. The calibration materials for the assay are culture filtrate-derived standards, with results expressed in U/ml. The assay was performed according to the manufacturer's instructions without modifications, and all data were generated from valid runs that met quality control (QC) criteria specified in the product insert.
Development of a monoclonal-antibody-based LDT assay for measurement of urine histoplasma antigen. The monoclonal reagents were used to develop a two-step sandwich ELISA as follows. Monoclonal antiHistoplasma galactomannan antibody was immobilized on 96-well plates as the capture antibody, while a second monoclonal anti-Histoplasma galactomannan antibody conjugated to horseradish peroxidase (HRP) was used for detection. The precoated plates and antibody conjugate were both purchased from Immuno Mycologics (Norman, OK). Purified Histoplasma galactomannan (Immuno Mycologics, Norman, OK) was used as a calibrator over seven points ranging from 0.5 to 50 ng/ml. TMB (3,3=,5,5= tetramethylbenzidine) served as the substrate for color formation.
To perform the assay, 100 l of calibrator, control, or test specimens was incubated on the coated plate at 37°C for 1 h. After the plate was washed three times with wash buffer and blotted dry, conjugated detection antibody (100 l) was added for 30 min at room temperature. The plate was washed three more times and blotted, and 100 l TMB was added. After 20 min of incubation, the stop solution (100 l) was added to end the reaction. The optical density (absorbance) at 450 nm was determined using a Synergy 2 spectrophotometer with 630 nm as the reference wavelength, and the concentration of histoplasma antigen was calculated relative to a 7-point calibration curve generated using 4-parameter loglogit fitting with Gen5 software (BioTek, Winooski, VT). The total time needed to perform a run was approximately 3.5 h.
Evaluation of the analytical performance of the polyclonal and monoclonal assays. Assay validation experiments followed guidelines from the Clinical and Laboratory Standards Institute and the Guidance for Industry: Bioanalytical Method Validation from the Food and Drug Administration (21) . Assay imprecision was evaluated using four samples that included high and low patient specimens, as well as negative and positive QC materials from the IVD kit. Intra-assay and interassay coefficients of variation (CVs) were generated from a total of 20 replicates (2 replicates per run and 2 runs per day for 5 days). Method comparison was designed and performed in accordance with CLSI (formerly NCCLS) EP9-A2 (22), using the panel of 103 clinical specimens described above. Results from the polyclonal IVD assay and monoclonal LDT were compared to reference laboratory (MiraVista Diagnostics, Indianapolis, IN) results as the "gold standard." The MiraVista assay utilizes a polyclonal rabbit anti-H. capsulatum IgG as the capture antibody and a modified biotinylated polyclonal antibody as the detection antibody (11, 12) . The analytical sensitivity of each assay was evaluated using a panel of normal urine specimens spiked with 0 to 10 U of Histoplasma antigen derived from yeast phase culture filtrate. The analytical specificity was examined against related pathogenic fungi, including Blastomyces dermatitidis, Aspergillus fumigatus, and Aspergillus niger, by spiking normal donor urine with sonicated filtrate from purified colonies of each agent, as well as patient specimens containing high levels of common urinary pathogens, including Candida albicans, Enterococcus faecalis, and Klebsiella oxytoca. Assay linearity was evaluated using a series of 7 specimens spiked with histoplasma culture filtrate. All linearity samples were assayed in duplicate. The lower limit of quantification (LLOQ) was defined as the lowest level at which bias and imprecision were both below 20% and was established using a panel of 5 spiked specimens over 10 days of testing. The reference range for the monoclonal LDT was established using 127 specimens, which included urine samples from 70 healthy donors and 57 patient controls. A subset of 80 of these samples (50 from healthy donors and 30 from patients) was also tested in the polyclonal IVD assay to verify the manufacturer's recommended reference range.
Diagnostic performance of polyclonal IVD and monoclonal LDT assays in immunosuppressed-patient specimens. Clinical records for 103 specimens submitted for urine histoplasma testing were reviewed to determine if a final diagnosis of histoplasmosis was made. Patients were classified based on the clinical diagnosis as recorded in the electronic medical record. This diagnosis was based on all information obtained during the original workup, including imaging studies showing characteristic abnormalities on chest computed tomography (CT) (50%); laboratory results, such as positive cultures, serology, or urinary antigen levels (50%, 36%, and 100%, respectively); and clinical findings, such as response to antifungal treatment (93%). For patients tested on multiple occasions, samples were further classified as acute stage versus follow-up, based on the timing of the specimen. Using these criteria, 21 specimens from 14 cases of histoplasmosis (4 pulmonary and 10 disseminated) were identified in the test set. They included a mixture of organ transplant patients and patients with autoimmune disease who were on immunosuppressants. Using this classification, a receiver operating characteristic (ROC) analysis was performed for each assay. Statistical analyses. Precision, method comparison, linearity, reference intervals, ROC analysis, and detection limits were calculated using EP Evaluator software (release 9). Comparison between two groups was performed using a t test, and P values of Ͻ0.05 were regarded as statistically significant. Box and whisker plots, correlation, and t tests were done using Sigma Plot (version 11.2). Reference intervals were defined as the central 95% of the data for each marker using nonparametric, parametric, or transformed parametric analysis, depending on the data distribution.
RESULTS
Performance characteristics of the monoclonal LDT and polyclonal IVD assays. The analytical characteristics of the monoclonal LDT and polyclonal IVD assays are summarized in Table 1 . The monoclonal assay showed slightly better precision across all levels tested, with CVs generally below 10%, while the polyclonal assay showed a higher degree of variation, particularly in the high patient samples. (CVs could not be calculated for the negative QC material, which gave results below the limit of detection for multiple reads.) Analytical measurement range (AMR) and LLOQ results were similar and proportionate between the two assays. No cross-reactivity was observed against the majority of organisms tested, including C. albicans, E. faecalis, K. oxytoca, and A. fumigatus or A. niger. However, B. dermatitidis showed a positive signal at 1:1,000 dilution in both assays. This organism has previously been shown to cross-react with antibodies against histoplasma antigen (13, 23) . The reference interval established for the monoclonal LDT in our population was Ͻ1.3 ng/ml, based on the 97.5 percentile of the reference population, and this cutoff value was used in subsequent experiments to classify clinical samples as positive or negative when using the monoclonal LDT.
Notable differences between the two assays were seen in the linearity experiments. The polyclonal IVD assay showed deviations from linearity exceeding 20% in 4 of the 7 levels tested (0.78, 1.56, 3.12, and 25 U/ml). In contrast, the monoclonal assay showed a deviation from linearity of less than 20% at all seven levels tested, indicating that the assay is linear across the range (0.39 to 50 ng/ml galactomannan) (see Fig. S1 in the supplemental material).
Direct comparison of analytical sensitivity across assays. Because the polyclonal and monoclonal assays utilize different calibrators and reportable units (U/ml of culture filtrate versus ng/ml of purified galactomannan), we performed a head-to-head comparison of the two assays using a panel of spiked specimens to directly compare the analytical sensitivities of the various assays. The monoclonal and reference methods showed similar response curves, with low signals in the normal urine and detectable signal above the unspiked sample down to approximately 0.2 to 0.5 U/ml of spiked antigen (Fig. 1) . In contrast, the polyclonal assay showed a high level of signal in the normal-urine pool. As a result, samples with levels below 1 U/ml of spiked antigen were indistinguishable from background signal with this assay. Correlation with the reference method. We next compared urine histoplasma antigen levels in a total of 103 clinical specimens sent for urine histoplasma testing and correlated the IVD and monoclonal LDT results with results from the reference assay. Quantitative correlation between histoplasma antigen levels was calculated using Deming regression for all specimens with detectable results from all laboratories. In addition, qualitative classification of samples as "positive" or "negative" was assessed for each assay using assay-specific cutoffs: Ͻ2 U/ml for polyclonal IVD (package insert); "not detectable" for the reference laboratory (MiraVista reports); Ͻ1.3 ng/ml for monoclonal LDT (experimentally derived). In the quantitative analysis, the antigen levels generated by the three assays varied significantly and showed little agreement, with correlation coefficients near 0.6 ( Fig. 2A) . However, despite the variation in the absolute levels measured, the qualitative classification of samples as positive or "negative" relative to assay-specific cutoff points agreed in the majority of cases, with the polyclonal and monoclonal assays matching the reference method 76% and 95% of the time, respectively (Fig. 2B) . Clinical discrimination of the polyclonal and monoclonal assays. The primary difference between the polyclonal IVD and monoclonal LDT appeared to be related to the magnitude of the signal seen in infected patients. Although urinary antigen levels in histoplasmosis patients were significantly elevated compared to control groups for both the polyclonal and monoclonal assays (P Ͻ 0.05), the polyclonal assay showed substantially more overlap with controls (Fig. 3) . This was reflected in the ROC analysis for the two assays in the clinical test set (Fig. 4) , where the monoclonal LDT exhibited better discrimination than the IVD assay (areas under the curve [AUC], 0.98 versus 0.76). Using the reference range cutoffs described above, the calculated sensitivities and specificities were as follows: Sn ϭ 61.9% and Sp 79.3% for the polyclonal assay; Sn ϭ 90.5% and Sp 96.3% for the monoclonal assay.
Because urine antigen levels are routinely used in monitoring patient response to antifungal therapy, we examined the impact of analytical differences on determining treatment response. Fourteen patients who had follow-up specimens drawn during the study period, ranging from 2 to 20 months after diagnosis, were identified. For most patients, longitudinal data fell into one of two distinct patterns of urinary antigen change following antifungal treatment: a rapid reduction in antigen levels or a slower, small decline (Fig. 5) . The three assays showed general agreement on the response pattern of each patient despite the notable variation of antigen levels. However, the polyclonal IVD assay gave significantly lower measurements than the other two assays in follow-up specimens (P Ͻ 0.01) and, as a result, was more likely to convert to a negative result following treatment than either the monoclonal or reference laboratory assay (Table 2) .
DISCUSSION
Disseminated histoplasmosis is a potentially life-threatening disease in immunosuppressed patients. The nonspecific nature of the symptoms, coupled with the extremely slow growth of histoplasma in culture, has led to the use of urinary antigen testing for early diagnosis in these patients. Historically, analytical options have been limited for laboratories wishing to perform this testing on site, due to a lack of commercially available reagents. However, the release of an FDA-approved IVD kit for urine histoplasma antigen, coupled with the development of monoclonal antibodies and purified standards for histoplasma antigen, presents new opportunities for diagnostic laboratories.
To our knowledge, this is the first study providing both analytical and clinical evaluation of the recently approved IVD assay and monoclonal anti-Histoplasma galactomannan antibodies for the detection of urinary histoplasma antigen. Our comparison of the IVD kit with a monoclonal-antibody-based LDT assay demonstrated some key performance differences between the two assays. The analytical parameters of the IVD assay were fairly typical for a plate-based ELISA in terms of precision, AMR, and ease of use, but the assay was found to be nonlinear in the manufacturer-indicated reportable range of 2 to 100 U/ml. This finding was also reported in an earlier study using an LDT assay based on these reagents (14) and may be an inherent characteristic of the polyclonal antibody used for the assay. The monoclonal-antibody-based LDT showed improved performance relative to the IVD assay in terms of precision, dynamic range, and linearity but requires more effort to prepare and characterize components, such as calibrators and controls.
In terms of clinical utility, the overall sensitivity of the monoclonal assay was notably better than that of the IVD in our patient population. The monoclonal LDT showed 90.5% sensitivity and 96.3% specificity in our clinical test set and good agreement (95.1%) with reference laboratory results in qualitative detection of antigenuria. The sensitivity is similar to that of the commonly used reference method, which showed 93% sensitivity in patients with immunocompromising conditions other than AIDS (13) . However, all three parameters were lower for the polyclonal IVD assay (61.9% Sn, 79.3% Sp, 75.7% concordance). Much of this difference appeared to be due to an increased rate of weakly positive results detected with the IVD relative to the other assays.
Another interesting finding was the relationship of assay performance to the stage of disease. Both assays did a good job of identifying histoplasma antigen in the acute-stage specimens (89 and 100% for IVD and LDT, respectively). However, the IVD assay was much less likely to detect antigen in posttreatment follow-up specimens than the monoclonal (and reference laboratory) assays. While this may be an analytical sensitivity issue related to the lower concentrations of antigen seen in follow-up specimens, it may also indicate that antigens released in urine may be changed by antifungal treatment and that antibodies used in different assays respond differently to various antigens. So far, no study has been done to investigate the chemical natures and variations in different stages of histoplasma infection.
The analytical characteristics of the two assays have implications for how one could apply them in the clinical laboratory. Histoplasmosis is a relatively rare disease but is often included as part of a broader workup for fever of unknown origin in immunosuppressed patients. As a result, for most laboratories, the majority of samples submitted for urine histoplasma antigen analysis will be negative. Given the assay characteristics of the IVD, one could imagine a scenario where the IVD assay could be used on site to rapidly screen out the majority of negative samples, while positive samples (in the absence of other diagnostic findings) could be reflexively sent to a reference laboratory for confirmatory testing.
In summary, we evaluated two commercially available systems for measuring urine histoplasma antigen levels and found that the analytical characteristics of the assays present different options for clinical laboratories wishing to offer this testing. The IVD provides a relatively straightforward assay in standardized kit form that can be readily implemented in routine workflow for institutions with a desire to perform the testing in house. However, users should be aware of the potential for false-positive results, particularly in weakly positive specimens, and may want to incorporate reflex algorithms for confirmation of screen-positive samples. For high-complexity laboratories with experience in LDT development and validation, the monoclonal reagents may offer improved analytical characteristics that could be beneficial. More widespread adoption of this testing will hopefully allow larger multisite clinical trials to provide more data on the utilization and clinical performance of assays for this relatively rare disease.
